Background: Phosphoinositide (PI) 3-kinase and its second messenger products, phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) and phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P 2 ), play important roles in signalling processes crucial for cell movement, differentiation and survival. Previously, we isolated a 32 kDa PtdIns(3,4,5)P 3 -binding protein from porcine leukocytes. This protein contains an amino-terminal Src homology 2 (SH2) domain and a carboxy-terminal pleckstrin homology (PH) domain, and is identical to the recently described DAPP1 (also known as PHISH or Bam32) protein. Here, we characterised the subcellular distribution of DAPP1 in response to cell stimulation.
Background
Type I phosphoinositide (PI) 3-kinases can be activated by cell-surface receptors, leading to the production of phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) and phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P 2 ), which regulate crucial cellular responses such as growth, movement, division, differentiation and survival [1, 2] . The exact molecular mechanisms that allow PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 to engage the regulatory systems controlling these cellular events, and the direct effectors of these lipid products, remain largely unknown. Using PtdIns(3,4,5)P 3 covalently coupled to a solid support as an affinity reagent to identify and purify PtdIns(3,4,5)P 3 -binding proteins from porcine leukocytes, we have identified a cDNA encoding a 32 kDa protein with an amino-terminal Src homology 2 (SH2) domain and a carboxy-terminal pleckstrin homology (PH) domain. The primary sequence of the PH domain suggested that it was likely to be a member of the family of PH domains that bind 3′ phosphoinositides [3] . Indeed, an expressed sequence tag (EST684797) encoding the PH domain of this 32 kDa protein has been identified and the protein product shown to bind PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 both in vivo [3] and in vitro [4] .
The full-length 32 kDa protein was also recently identified in parallel by three groups through searching of sequence databases and PCR [5] , the use of biotinylated analogue lipid beads in conjunction with coupled in vitro transcription/translation [6] , and searching for novel transcripts expressed in B cells [7] . These workers termed the protein dual adapter for phosphotyrosine and 3-phosphoinositides (DAPP1), 3′ phosphoinositide-interacting SH2 domain containing protein (PHISH), and B-cell adaptor molecule of 32 kDa (Bam32), respectively. In these studies, the lipid-binding specificity of the full-length protein was found to be the same as described previously for the PH domain of the protein [5, 6] . Dowler et al. [5] and Rao et al. [6] reported that the protein has a wide tissue distribution whereas Marshall et al. [7] reported that expression is confined largely to cells of the immune system, primarily of B-cell origin. In addition, the fulllength protein overexpressed in B cells is recruited to the plasma membrane through its PH domain in a PI 3-kinase-dependent manner [7] . The Y139 residue of DAPP1 is surrounded by a putative consensus motif for phosphorylation by tyrosine kinases. Indeed, endogenous DAPP1 in B cells [7] or overexpressed DAPP1 in HEK293 cells [8] is tyrosine phosphorylated in response to a number of stimuli in a PI 3-kinase-dependent manner. Furthermore, in HEK293 cells, the site of phosphorylation was identified as Y139 [8] .
Here, we shall refer to the 32 kDa protein as DAPP1. We describe the subcellular distribution of DAPP1 when overexpressed in porcine aortic endothelial (PAE) and DT-40 B cells under conditions of PI 3-kinase stimulation. These studies revealed that DAPP1 undergoes a PI 3-kinase-dependent translocation to the plasma membrane, followed by entry into the endocytic pathway.
Results
We studied the primary sequence of DAPP1 to plan an investigation of its role as a PI 3-kinase effector protein.
Initial experiments were therefore aimed at characterising receptor-stimulated changes in the subcellular localisation of this protein (driven by its PH domain), its possible interaction with phosphotyrosine proteins (driven by its SH2 domain), and its tyrosine phosphorylation.
Stimulation of PI 3-kinase signalling results in recruitment of DAPP1 to the plasma membrane and entry into vesicles
To investigate the subcellular localisation of DAPP1 under basal conditions and in response to stimulation, we engineered a construct that encodes DAPP1 fused at its amino terminus with the green fluorescent protein (GFP-DAPP1). The GFP-DAPP1 fusion protein was expressed transiently in porcine aortic endothelial (PAE) cells that express the wild-type platelet-derived growth factor-β (PDGF-β) receptor. Stimulation of these cells with PDGF has been used extensively as a model system for studying receptor regulation of the PI 3-kinase signalling pathway. Under serum-starved conditions, GFP-DAPP1 was found in the cytoplasm and nucleus of the cells (Figure 1a) . Addition of PDGF (10 ng/ml) caused a dramatic translocation of GFP-DAPP1 from the cytosol to the plasma membrane within 30 seconds to 1 minute of stimulation, and coincided with the appearance of membrane ruffling. Accumulation of GFP-DAPP1 at the plasma membrane occurred primarily in the membrane ruffles at the edge of emerging lamellipodia (Figure 1a) , although it was also evident at some non-ruffling edges of the cell. The translocation was quantitated by measuring the relative fluorescence at fixed points in the cytoplasm and membrane over time ( Figure 1b) ; in many cells, PDGF stimulated the almost complete clearance of DAPP1 from the
Figure 1
Time-lapse confocal imaging of the effects of PDGF stimulation in PAE cells, and antigen receptor ligation in DT40 chicken B cells, on the subcellular localisation of GFP-DAPP1. (a) PAE cells were transiently transfected with 20 µg DNA encoding GFP-DAPP1. Transfected cells were plated onto glass coverslips in complete medium for 14 h, then serum-starved for 11 h before being mounted into a 37°C cell chamber on the confocal microscope. Cells were stimulated with PDGF (10 ng/ml) and images captured at the indicated times. (b) Quantitation of membrane and cytosolic staining of GFP-DAPP1 over time, at the positions indicated by the circles in (a). (c) DT40 cells were transiently transfected with 30 µg/ml DNA encoding GFP-DAPP1. The cells were seeded onto poly-L-lysinecoated coverslips and incubated in full media for 12 h, then serum-starved for 8 h. Cells were stimulated with mouse anti-chicken IgM (10 µg/ml) and imaged by confocal microscopy. The time-lapse movie sequences of GFP-DAPP1 and GFP-PKB, with images collected every 3 sec, are available as Movies 1-4 in the Supplementary material. cytosol and a parallel increase in plasma membrane staining. Continued PDGF stimulation led to the formation of GFP-DAPP1-positive vesicles that appeared to originate by invagination of accumulated GFP-DAPP1 at the plasma membrane ( Figure 1a ). These vesicles were motile and moved multi-directionally from the plasma membrane to accumulate throughout the entire cytoplasm. The dynamics of the translocation and subsequent vesicle formation of GFP-DAPP1 can be seen by viewing the time-lapse images available as Movie 1 in the Supplementary material. DAPP1 tagged at its amino terminus with the Myc epitope tag (Myc-DAPP1) also underwent very similar changes in cellular localisation in PAE cells in response to PDGF (see Supplementary material), with the exception that the time course for the clearance of the Myc-DAPP1 vesicles was significantly faster (few cells contained Myc-DAPP1 vesicles after 30 minutes of stimulation). Although plasma-membrane recruitment in response to receptor stimulation of the PI 3-kinase signalling pathway has been well documented for a number of PHdomain-containing proteins that bind PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 , including protein kinase B (PKB) [9] , Bruton's tyrosine kinase (Btk) [10] , cytohesin [11] and ARNO [12] (for a recent review, see [13] ), there have been no reports of these proteins associating with small intracellular vesicles either before or after stimulation. To confirm the specificity of GFP-DAPP1 vesicle formation under our conditions, image analysis of live PAE cells expressing GFP-PKB was performed. PDGF stimulated a similar transient recruitment of GFP-PKB to the leading edges of lamellipodia to that seen with GFP-DAPP1, but no stable GFP-PKB-containing vesicles accumulating with prolonged stimulation were observed (see Movie 2 in the Supplementary material).
Specific, receptor-stimulated formation of DAPP1-containing vesicles was not restricted to PAE cells. Similar results were obtained by image analysis of GFP-DAPP1 expressed in the live DT40 chicken B cells. Ligation of the antigen receptor of these cells with an anti-chicken immunoglobulin M (IgM) antibody stimulated translocation of GFP-DAPP1 from the cytosol to the plasma membrane, followed by the appearance of bright, GFPpositive internal vesicles (Figure 1c ; Movie 3 in the Supplementary material). These vesicles formed at the plasma membrane of the cell and were motile, moving in and out of the plane of focus. It was difficult, because of the spherical shape of these cells and the very low cytosol-nuclear ratio, to capture more than a few GFPcontaining vesicles in any one focal plane, but by moving the plane of focus through the cell we estimated that between 20 and 40 GFP-DAPP1-containing vesicles were formed per cell on stimulation. Antibody stimulation of DT40 cells expressing GFP-PKB stimulated a similar translocation of this protein to the plasma membrane but the formation of bright, stable vesicles was not observed (Movie 4 in the Supplementary material). We have also observed similar plasma-membrane recruitment and formation of GFP-DAPP1-containing vesicles in Rat-1 fibroblasts stimulated with either PDGF or the epidermal growth factor (EGF; data not shown).
DAPP1 recruitment to the plasma membrane and vesicles requires active PI 3-kinase and an intact PH domain
The observed translocation and vesicle formation of GFP-DAPP1 in response to PDGF stimulation in PAE cells was prevented by preincubation with the specific PI 3-kinase inhibitors LY294002 (Figure 2b ) or wortmannin (data not shown). This finding was further supported by the observation that stimulation of PAE cells expressing the Y740/751F mutant version of the PDGF-β receptor, which is unable to signal through PI 3-kinase [14] , did not result in DAPP1 recruitment to the plasma membrane or vesicle formation in response to PDGF (Figure 2c ). Moreover, cotransfection of GFP-DAPP1 with a constitutively active version of PI 3-kinase (but not the kinase-dead form) into serum-starved PAE cells resulted in membrane recruitment of the protein (data not shown).
Recruitment of DAPP1 to the plasma membrane required its intact PH domain, as a point mutation within the PH domain at R184, a position analogous to that shown in other proteins to be critical for lipid binding [15] , prevented recruitment to the plasma membrane and formation of vesicles ( Figure 2d ). A truncated DAPP1 protein that lacked the PH domain (residues 1-157) similarly was unable to translocate to the plasma membrane or support vesicle formation (data not shown). These observations are consistent with previous findings suggesting that membrane recruitment of DAPP1 is dependent on PI 3-kinase activity and a functional PH domain, and that PI 3-kinase activity is sufficient to drive translocation of DAPP1 to the membrane [6, 7] .
Image analysis of live PAE cells overexpressing a GFP-tagged carboxy-terminal half of DAPP1 containing the PH domain (residues 153-280, GFP-DAPP1-PH) demonstrated that this domain was sufficient for translocation. This fusion protein also formed vesicles following plasma-membrane recruitment (see below and Movie 5 in the Supplementary material). However, the vesicular response differed considerably from that of full-length DAPP1, with a greatly reduced number of vesicles formed, despite comparable plasma-membrane translocation. Furthermore, these vesicles appeared less mobile, remaining at the site of origin (almost exclusively at ruffles) at the periphery of the cell, in contrast to the fulllength protein which distributed throughout the cell. The GFP-DAPP1-PH vesicles appeared more transient than full-length protein, with very few vesicles remaining after 20 minutes.
Identification of DAPP1-containing vesicles
To identify the nature of the DAPP1-containing vesicles produced in response to PDGF receptor stimulation, a number of immuno-colocalisation studies were performed. As the imaging of live cells gave the strong impression that DAPP1 internalised from the plasma membrane, studies focused on markers of endocytosis. PDGF receptors are known to undergo downregulation by receptor-mediated endocytosis to early endosomes, from which they are sorted further to lysosomes for subsequent degradation [16] , and indeed this process has been previously described in PAE cells expressing wild-type PDGF-β receptors [17] . Costaining for PDGF-β receptor and transfected GFP-DAPP1 revealed a considerable population of vesicles positive for both DAPP1 and the PDGF-β receptor following 5 minutes of PDGF stimulation (87 ± 8% of DAPP1, and 54 ± 19% of PDGF-β receptors colocalising, n = 11; Figure 3a ). This colocalisation was, however, not maintained, with staining of PDGF-β receptor and GFP-DAPP1 diverging at later times (little or no colocalisation between the receptor and GFP-DAPP1 vesicles was observed after 30 minutes; data not shown).
Figure 3
Colocalisation of GFP-DAPP1-containing vesicles and internalised PDGF-β receptor and EEA1 following 5 min of stimulation. PAE cells were transiently transfected with 20 µg DNA encoding GFP-DAPP1 and treated as described in Figure 2 . Cells were stimulated with PDGF-β (10 ng/ml) for 5 min, and then fixed and processed for immunocytochemistry as described in the Materials and methods.
(a) The cells were processed using PDGF-β receptor monoclonal antibody, and goat antibody to mouse IgG coupled to rhodamine isothiocyanate (RITC). Cells were viewed under fluorescent microscopy for GFP and RITC and the two images overlaid (merged). The final panel is an enlarged view of the merged image of the cell, with arrows pointing to a number of vesicles positive for both GFP-DAPP1 and PDGF-β receptor. (b) The cells were processed using EEA1 monoclonal antibody, and goat antibody to mouse IgG coupled to RITC. The cells were viewed as described in (a), with arrows indicating vesicles positive for both GFP-DAPP1 and EEA1.
(a)
Current Biology
A number of receptor-ligand complexes (including the PDGF receptor) and macromolecules are known to enter the cell in vesicles through receptor-mediated endocytosis. Such endocytosis is usually initiated by the formation of clathrin-coated vesicles at the plasma membrane, which results in the delivery of the receptor-ligand complexes to early endosomes in the peripheral cytoplasm [18] . GFP-DAPP1 vesicles were found to colocalise to some degree with both clathrin (data not shown) and the early endosome marker early endosomal antigen-1 (EEA1, Figure 3b ), but this colocalisation was considerably less than was observed with the PDGF-β receptor. We also examined the colocalisation of GFP-DAPP1 vesicles with endocytosed transferrin and found some degree of colocalisation at early times after transferrin but not at later times, confirming the results with localisation of internalised PDGF-β receptor. This suggests that GFP-DAPP1 enters the early endocytic pathway but is sorted away from cargo destined for 'deeper' entry into the endosomal system.
Endocytosis through clathrin-coated vesicles has been demonstrated to be dependent on the activity of the GTPase dynamin [19, 20] . GFP-DAPP1 was cotransfected with either a wild-type bovine dynamin-1a or a dominantnegative GTPase-deficient point mutant (DynS45N), which potently inhibits endocytosis (S. of PAE cells expressing the Y740/751F mutant PDGF-β receptor, which is unable to signal through PI 3-kinase (Figure 4a ). Coexpression of constitutively active, but not kinase-dead, type I PI 3-kinase caused a small tyrosine phosphorylation of DAPP1 even in serum-starved cells, but this was only approximately 5-10% of the maximal PDGF response (data not shown). Furthermore, a membrane-targeted form of DAPP1 (carrying an amino-terminal myristoylation/ palmitoylation consensus sequence from the Yes tyrosine kinase) was constitutively tyrosine phosphorylated under conditions of serum starvation, but this was a similarly low proportion (~5%) of a typical maximal PDGF response (data not shown).
DAPP1 carrying point mutations in the PH domain (R184A), or in the SH2 domain (R61K) at a residue analogous in other proteins to a position critical for phosphotyrosine binding [21] , or the isolated SH2 domain of DAPP1 (encompassing residues 1-157 and thus containing the Y139 residue) were not tyrosine phosphorylated in response to PDGF (Figure 4c ). Furthermore, phosphorylation of EE-DAPP1 was dramatically reduced upon PDGF stimulation of PAE cells expressing PDGF-β receptors mutated in two key residues to inhibit interaction and activation of Src family tyrosine kinases (Y579/581F mutant [22] ; ~5% of the response seen in cells expressing wild-type PDGF-β receptors; data not shown), indicating that a Src-family tyrosine kinase is involved in the signalling pathway upstream of Y139 in DAPP1 in these cells. Extensive analysis by western blotting of PAE cells expressing the Y579/581F mutant form of the PDGF-β receptor revealed that the only detectable Src family kinase was Src (Fyn, Yes, Lck and Lyn were undetectable in the context of positive controls derived from the appropriate species; L.R.S., unpublished observations), suggesting that it was Src that was responsible. Similar results were seen in DT40 cells stimulated with chicken IgM antibody or peroxivanadate, with antibody stimulation resulting in a clear band-shift in EE-DAPP1 that coincided with increased tyrosine phosphorylation and was prevented by pretreatment with wortmannin (see Supplementary material).
Role of tyrosine phosphorylation of DAPP1 in vesicle formation
To investigate the potential influence of tyrosine phosphorylation on DAPP1 function and vesicle formation, imaging of live cells expressing a form of GFP-DAPP1 that cannot be tyrosine phosphorylated was performed. GFP-DAPP1 (Y139F) underwent a clear translocation to the plasma membrane and accumulated at ruffling edges in response to PDGF stimulation. Vesicle formation was observed with continued stimulation, but the response differed considerably from that of wild-type protein ( Figure 5 ; see Movie 6 in the Supplementary material). Instead, the vesicular response appeared to be similar to that observed with the isolated PH domain of DAPP1 (see above), producing a greatly reduced number of less motile vesicles that remained at the periphery of the cell and appeared to be more transient. A similar vesicular response was observed when GFP-DAPP1 carrying a point mutation in the SH2 domain (R61K) was overexpressed under similar conditions (data not shown).
PAE cells expressing PDGF-β receptors carrying the Y579/581F mutations, which are unable to signal through Src family tyrosine kinases, and which were also unable to phosphorylate DAPP1, demonstrated strong plasma-membrane recruitment of DAPP1, primarily at the leading edge of the ruffles, in response to PDGF. These ruffles appeared to differ phenotypically from those of cells expressing the wild-type PDGF-β receptors; they appeared less anchored and less controlled than in the case of the Time-lapse confocal imaging of the subcellular localisation of wild-type and mutant GFP-DAAP1 in PAE cells in response to PDGF. PAE cells expressing wild-type PDGF receptor were transiently transfected with DNA encoding GFP fusion proteins with wild-type DAPP1, tyrosinephosphorylation mutant (Y139F) or the PH domain (residues 153-280), and treated as described in Figure 1 . The bottom panels show subcellular localisation of wild-type GFP-DAPP1 in PAE cells expressing the Y579/581F mutant PDGF receptor, which is unable to support signalling through Src family tyrosine kinases. The cells were either unstimulated (control) or stimulated with PDGF for 10 min, as described in Figure 1 . wild type and were very intense at isolated points of the cell. Although cells expressing the Y579/581F PDGF-β receptor mutant were able to form DAPP1-containing vesicles, again the vesicles appeared reduced in number and more restricted to their point of formation, as was seen with the Y139F DAPP1 mutant and the isolated PH domain of DAPP1 ( Figure 5 ; see Movie 7 in the Supplementary material). In contrast to the other constructs used, however, vesicles formed in these Src tyrosine kinase signalling-deficient cells appeared stable, remaining up to 30 minutes from the start of recording.
These results suggest that the tyrosine phosphorylation of DAPP1 is not absolutely required for the formation and endocytosis of vesicles in response to PDGF. To examine whether endocytosis is required for tyrosine phosphorylation of DAPP1, EE-DAPP1 was coexpressed with wildtype and GTPase-deficient mutant dynamin. Coexpression of wild-type dynamin with DAPP1 enhanced the tyrosine phosphorylation of DAPP1 following PDGF stimulation by almost twofold (see Supplementary material). Interestingly, a small degree of phosphorylation was detected in these cells in the absence of PDGF stimulation. Cells coexpressing GFP-DAPP1 and DynS45N, which prevented endocytosis and vesicle formation, were able to support PDGF-stimulated tyrosine phosphorylation of DAPP1, although this was reduced in comparison to cells expressing DAPP1 alone or coexpressing the wild-type dynamin. This suggests that DAPP1 can be tyrosine phosphorylated before internalisation, but that internalisation in some way affects the efficiency at which this response occurs.
Discussion
Cell-surface receptor-driven activation of the PI 3-kinase signalling system stimulated translocation of DAPP1 from the cytosol to the plasma membrane, followed by the accumulation of DAPP1-containing vesicles. The initial translocation to the plasma membrane was driven by the binding of the DAPP1 PH domain to the lipid products of activated PI 3-kinase, PtdIns(3,4,5)P 3 /PtdIns(3,4)P 2 , and our data strongly suggest that this translocation precedes, and is a requirement for, the entry of DAPP1 into the endocytic pathway. Furthermore, our data suggest that, in PAE cells, DAPP1 is endocytosed within a similar population of vesicles to those carrying downregulated PDGF receptors but is quickly sorted away from the PDGF receptor, which is destined for lysosomal degradation. Although there are numerous descriptions of PI 3-kinasedependent translocation of proteins to the plasma membrane, the stimulated endocytosis of DAPP1 is the first description of this type of behaviour for any PH-domaincontaining effector of the PI 3-kinase signalling system.
These movements of DAPP1 were observed with both Myc-and GFP-tagged proteins, eliminating potential artefacts of the tag themselves (GFP, however, appears to stabilise the protein such that vesicles were retained in the cell for longer periods than with the Myc-tagged protein). We also observed a similar pattern of events with cells expressing a wide range of levels of expression of GFP-DAPP1 (from the lower limits of detection up), implying that this response is not a feature of a huge overexpression of DAPP1.
The stimuli-sensitive post-translocation internalisation of DAPP1 was observed in several cell lines and with a number of agonists: PDGF-stimulated PAE cells, antibody-stimulated chicken B cells, and EGF-or PDGFstimulated Rat-1 fibroblasts. Marshal et al. [7] and Rao et al. [6] also recently described a PI 3-kinase-dependent translocation of DAPP1 or its PH domain, respectively, to the plasma membrane, although neither study described the accumulation of DAPP1-containing vesicles. One study [7] reported the antibody stimulation of a B-cell line similar to the DT40 line used here but, given the technical problems of imaging these small cells (because of the limited cytosol), the time points studied and the small number of vesicles detected in any one plane of focus, it is possible that DAPP1 vesicles may be formed in this system but were not detected. The possibility of difference due to the different cell lines used in both studies cannot be excluded, however.
We have only detected post-translocation internalisation with DAPP1, and not with other PH-domain-containing proteins that also translocate to the plasma membrane. It is not yet clear what determines DAPP1 specificity for endocytosis. Our mutagenesis studies suggest that a minimal DAPP1 PH domain protein can enter the endocytic pathway but the rate of accumulation of DAPP1 vesicles, together with their size and kinetics, are strongly influenced by the presence of the remainder of the protein and its ability to be tyrosine phosphorylated upon stimulation. The PH domain of DAPP1 binds PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 with roughly equal affinity ( [3, 5] and K. Davidson, unpublished data), similar to results obtained with the PH domain of PKB [23, 24] . There is some suggestion [5] that DAPP1 may bind these lipids with a significantly higher affinity than PKB, allowing some credence to the idea that entry into the endocytic pathway is dictated by low levels of phosphoinositides in the vesicles, but given the widely differing contexts of cell stimulation in which DAPP1 endocytosis is seen, it seems most likely that the PH domain of DAPP1 also contains structural determinants for binding other lipids or proteins.
The nature of the accumulation of DAPP1-containing vesicles on stimulation and the apparent DAPP1 specificity of this response strongly suggest that this behaviour is related to the function of this protein. One possibility is that DAPP1 is recruited to the plasma membrane to engage and retrieve another component into the endosomal system.
Another obvious possibility is that DAPP1 has a function in the trafficking of certain endocytic vesicles. The Y740/751F mutant PDGF receptor -which is incapable of activating PI 3-kinase and, thus, the tyrosine phosphorylation, plasma-membrane recruitment and endocytosis of DAPP1 in PAE cells -underwent equivalent internalisation after short times of PDGF exposure to that shown with wild-type PDGF receptor, indicating that DAPP1 is not involved in the initial internalisation of the PDGF-β receptor. However, we have noticed that the Y740/751F mutant PDGF-β receptor is degraded less efficiently than the wild-type receptor in PAE cells (approximately 2-3-fold slower, based on the presence of internal PDGF-β receptor staining; data not shown), and that this is consistent with previous studies describing a PI 3-kinase requirement for sorting but not endocytosis of PDGF-β receptors in other cell types [25, 26] . It thus remains possible that DAPP1 functions to regulate the efficient sorting of cargo in the early endosomes and we are currently using overexpression of various DAPP1 constructs to look for possible dominant-negative or positive effects on this process.
PDGF stimulation of PAE cells and antigen-receptor crosslinking of DT40 cells caused a dramatic tyrosine phosphorylation of DAPP1. This tyrosine phosphorylation was also dependent on PI 3-kinase activity and a PHdomain-mediated translocation of DAPP1 to the plasma membrane, and appeared to occur before endocytosis of DAPP1. These results support recent observations in agonist-stimulated HEK293 cells [8] and B cells [7] that also describe PI 3-kinase dependent tyrosine phosphorylation of the protein. Moreover, in the PAE cells used in our study and in HEK293 cells [8] , the tyrosine phosphorylated residue was defined as Y139. The magnitude and clarity of the phosphorylation of Y139 in these quite different contexts of cell stimulation suggest that this is a widespread signalling event that is directly linked to the function of the protein.
Phosphorylation of DAPP1 required the prior plasma-membrane recruitment of the protein. The isolated SH2 domain and PH domain point mutant of DAPP1, which were unable to translocate to the plasma membrane, were also unable to support stimulated tyrosine phosphorylation, presumably because they were unable to gain access to the relevant kinase. Membrane localisation driven by fusion of a membrane-targeting consensus, from the Src family kinase Yes, to DAPP1 was sufficient to cause significant basal tyrosine phosphorylation of DAPP1. However, this was less than 10% of the tyrosine phosphorylation of the same protein in response to a 5 minute treatment of the cells with PDGF. Similarly, constitutively active PI 3-kinase caused submaximal tyrosine phosphorylation of DAPP1, which could be substantially augmented by PDGF. The simplest explanation of these results is that the relevant upstream kinases for DAPP1 have to be activated by PDGF.
The SH2 domain of DAPP1 is a potential output port for regulation of an effector of DAPP1. Some evidence has been presented for a stimulated association of DAPP1 with phospholipase Cγ (PLCγ) on antigen receptor crosslinking in B cells [7] but we could detect no clear, stimulated association of tyrosine phosphorylated proteins with DAPP1 in our studies. With DAPP1 containing both an SH2 domain and a tyrosine-phosphorylated residue, it is possible that this protein may oligomerise upon tyrosine phosphorylation. We have tested this possibility by cotransfecting cells with Myc-and EE-tagged DAPP1. Both proteins were tyrosine phosphorylated in response to PDGF, but there was no increase in the recovery of Myc-DAPP1 in EE-DAPP1 immunoprecipitates on stimulation (data not shown). A point mutation in the SH2 domain of DAPP1 (R61K), predicted to disrupt binding to phosphotyrosine targets, allowed translocation of DAPP1 to the plasma membrane in response to PDGF but prevented its stimulated tyrosine phosphorylation. This clearly suggests that the SH2 domain contributes to the ability of DAPP1 to become tyrosine phosphorylated by supplying a target signal or by physically interacting with the relevant upstream tyrosine kinase, rather than recruiting downstream targets.
There have been previous descriptions of receptor-driven PI 3-kinase-dependent tyrosine phosphorylation of effector proteins, for example, Btk-mediated phosphorylation of PLCγ in B cells [27] or Src-type tyrosine kinase-mediated phosphorylation of Vav in T cells [28] , implicating Tec kinase or Src family members as upstream kinases responsible for tyrosine phosphorylation of DAPP1. Evidence supporting a role for Src family proteins in the phosphorylation of DAPP1 comes from a recent report that these proteins are capable of phosphorylating Y139 in DAPP1 [8] , and from our own data showing that the Y579/581 mutant PDGF receptor, which is unable to activate Src in PAE cells, cannot stimulate the tyrosine phosphorylation of this residue. It is also interesting to note that Src family kinases have been implicated in various ways with the control of stimulated endocytosis (for example, [29, 30] ) and, indeed, the Y579/581 mutant PDGF receptor is very poorly internalised and degraded in PAE cells (data not shown). However, further in vivo and in vitro studies are required to elucidate the events leading to tyrosine phosphorylation of DAPP1 and to determine the consequences of this tyrosine phosphorylation on the interaction of DAPP1 with other proteins.
Materials and methods

Cloning of DAPP1 and constructs
DAPP1 was purified from pig leukocyte cytosol using PtdIns(3,4,5)P 3 -analogue beads (P.T.H., unpublished data) and a cDNA encoding the full-length protein was obtained using EST684797 and 5′ RACE-PCR (Clontech human leukocyte cDNA). DAPP1 cDNA was ligated in frame with an amino-terminal Myc or EE tag into the pCMV3 transient expression vector [31] , or pEGFP expression vector (Clontech). Point mutations of the SH2 domain (R61M), PH domain (R184A) and tyrosine residue (Y139F), together with an isolated SH2 domain (residues 1-157) and PH domain (155-280) were generated by a PCR-based mutagenic strategy using Pfu turbo polymerase (Stratagene). For membrane-targeting experiments, carboxy-terminal Myc tags were generated on DAPP1 and the constructs ligated into a pCMV3 expression vector containing an amino-terminal myristoylation/palmitoylation sequence from the Yes kinase (MGLCIKSKEDKSM) [32] . A membrane-targeted active PI 3-kinase allele and a kinase-dead derivative (R947P) were constructed as previously described [33] . All constructs were verified by sequence analysis (Babraham Technics). Constructs encoding wild-type and S45N GTPase-deficient dynamin were a generous gift from Harvey McMahon (LMB, Cambridge).
Cell culture
PAE cells expressing wild-type or mutant (Y740/751F or Y579/581) PDGF-β receptor were maintained in F12 nutrient mixture (Ham F12, Gibco BRL) supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS, Gibco BRL). Rat-1 fibroblasts were grown in high glucose Dulbecco's modified Eagle Medium (DMEM, Gibco BRL) supplemented with 10% HI-FBS, 2 mM glutamine, 1 U/ml penicillin and 0.1 mg/ml streptomycin (all from Gibco BRL). DT40 chicken B cells were kept in suspension in RPMI 1640 media supplemented with 10% HI-FBS, 1% HI-chicken serum, 1 U/ml penicillin and 0.1 mg/ml streptomycin, 2 mM sodium pyruvate. All cells were maintained at 37°C in a 5% CO 2 humidified atmosphere.
Transient transfection
PAE cells (1 × 10 7 ) were transfected by electroporation with 20 µg total plasmid DNA, as described previously [33, 34] . Transfected cells were plated onto glass coverslips (~8 × 10 4 cells per coverslip) in F12 HAMS media containing 10% FBS for 12-14 h, then serum starved for between 8-11 h in F12 media supplemented with 0.5% fatty-acid-free BSA, in the presence of 1 U/ml penicillin and 0.1 mg/ml streptomycin. DT40 chicken B cells (2.5 × 10 7 ) were transfected by electroporation as above except with 30 µg DNA at 300 V and 960 µFD. Cells were plated onto glass coverslips precoated with poly-L-lysine (Sigma 100 µg/ml) and allowed to adhere for 13 h in complete medium prior to 8-11 h serum-starvation in RPMI, 20 mM HEPES (pH 7.4), 0.5% fattyacid-free BSA, 1 U/ml penicillin and 0.1mg/ml streptomycin, 2 mM sodium pyruvate.
Immunofluoresence
Transfected cells were grown on coverslips and serum-starved as described above. Cells were then washed and incubated at 37°C for 30 min in appropriate media containing 0.5% fatty-acid-free BSA, 30 mM Hepes pH 7.4, and penicillin/streptomycin prior to stimulation for the indicated times. Where appropriate, cells were stimulated with Human PDGF-ββ (10 ng/ml, Autogen Bioclear), EGF (10 nM, Roche), chicken anti-IgM antibody (10 µg/ml, Southern Biotechnology Associates Inc.), or 3 mM H 2 O 2 plus 1 mM sodium orthovanadate (peroxivanadate). For PI 3-kinase inhibitor studies, cells were pretreated with wortmannin (100 nM, Sigma) or LY294002 (20 µM, Calbiochem) for 30 min prior to stimulation. Following stimulation, cells were processed for immunocytochemistry essentially as described previously [33] . For detection of GFP alone, cells were fixed in 4% paraformaldehyde, washed three times in 150 mM Tris.HCl pH 7.4, once with PBS before being rinsed in water and mounted onto microscope slides with Aquapolymount anti-fading solution (PolySciences Inc.). For all other immunofluorescence studies, cells were fixed and permeabilised in PBS, 0.1% triton as previously described [33] 
Confocal image analysis of live cells
Time-lapse images of GFP-transfected cells were obtained using an UltraView confocal microscope (Perkin Elmer Life Sciences). GFP fluorescence was excited at 488 nm and the emission was collected at wavelengths > 505 nm using a long-pass filter. Typically, 12-bit 600 × 400 pixel images were obtained using a 750 msec integration period, with successive images captured every 2-3 sec. Images were pseudocoloured off-line using Adobe Photoshop. Cells were transfected, cultured on sterile glass coverslips, and treated as described above. For imaging, coverslips were mounted on the stage of an Olympus IX70 microscope interfaced with the UltraView confocal system. The cells were imaged at 37°C using a thermostatically controlled cell chamber and incubated in salt solutions for PAE cells (25 mM Hepes pH 7.4, 1.8 mM CaCl 2 , 5.37 mM KCl, 0.81 mM MgSO 4 , 112.5 mM NaCl, 25 mM D-glucose, 1 mM NaHCO 3 and 0.1% w/v fattyacid-free BSA), and DT40 cells (15 mM Hepes pH 7.4, 1.5 mM CaCl 2 , 5.0 mM KCl, 0.06 mM MgSO 4 , 140 mM NaCl, 5.6 mM glucose, 2.8 mM NaHCO 3 , 1 mM MgCl 2 and 0.1% w/v fatty-acid-free BSA).
Immunoprecipitation and immunoblotting
Transiently transfected PAE or DT40 cells were plated onto 9 cm petri dishes (0.5 × 10 7 cells per dish), then serum-starved and stimulated with agonists as described above. Media was rapidly removed, cells washed in ice-cold PBS pH 7.8 before addition of 1 ml lysis buffer (40 mM Hepes pH 7.8, 0.4% cholate, 2% Triton X-100, 5 mM EGTA, 5 mM EDTA, 50 mM Pi pH 7.8, 50 mM NaF, 30 mM β-glycerophosphate, 1 mM orthovanadate, 0.01% azide). Lysates were centrifuged (6000 ×g for 30 min at 0°C) and solubilised material mixed with 20 µl packed anti-EE protein G-sepharose beads for 2 h at 4°C. Beads were washed twice with 2 × PBS, 0.1% v/v Triton X-100, 1 mM vanadate then once with 1 × PBS, 0.1% v/v Triton X-100, 1 mM vanadate. Proteins were eluted in the final wash buffer supplemented with EEeluting peptide (EEYMPME, amino-terminal acetylated prepared by Babraham Technics, 0.3 mg/ml) for 20 min on ice [30] . Eluted proteins were separated by SDS-PAGE and blotted onto Immobilon. Blots were probed for tyrosine phosphorylation using 4G10 hybridoma supernatant and detected by enhanced chemiluminescence (ECL, Amersham). Membranes were stripped in 5% acetic acid, then reprobed using a polyclonal sheep antisera to DAPP1 (prepared by Babraham Technics, using recombinant His-tagged DAPP1 expressed in E. coli as the immunogen).
Supplementary material
Movies showing the dynamics of GFP-DAPP1 translocation and subsequent vesicle formation, and three additional figures showing localisation of Myc-and GFP-tagged DAPP1 in unstimulated and PDGF-stimulated PAE cells, induction of a PI 3-kinase-dependent phosphorylation of DAPP1 following antibody and peroxivanadate stimulation of DT40 cells, and PDGF-stimulated tyrosine phosphorylation of DAPP1 in the presence of WT-Dyn or Dyn(S45N), are available at http://current-biology.com/supmat/supmatin.htm.
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